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An elevated ferritin level before allogeneic hematopoietic cell transplantation (HCT) is an adverse prognostic
factor for overall survival (OS) and nonrelapse mortality. Because ferritin is an imperfect surrogate of iron
stores, the prognostic role of iron overload remains unclear. We conducted a patient-level meta-analysis of
4 studies that used magnetic resonance imaging to estimate pre-HCT liver iron content (LIC). An elevated LIC
was not associated with a signiﬁcant increase in mortality: the hazard ratio (HR) for mortality associated with
LIC > 7 mg/g dry weight (primary endpoint) was 1.4 (P ¼ .18). In contrast, ferritin >1000 ng/mL was a sig-
niﬁcant prognostic factor (HR for mortality, 1.7; P ¼ .036). There was, however, no signiﬁcant association
between ferritin > 2500 and mortality. This meta-analysis suggests that iron overload, as assessed by LIC, is
not a strong prognostic factor for OS in a general adult HCT population. Our data also suggest that ferritin is an
inadequate surrogate for iron overload in HCT.
 2014 American Society for Blood and Marrow Transplantation.INTRODUCTION
The toxicities of iron overload in patients with benign
diseases overlap with some of the most severe toxicities of
allogeneic hematopoietic cell transplantation (HCT), which
has led to the hypothesis that iron overload could be com-
mon and deleterious in patients with hematologic malig-
nancies undergoing HCT. A large body of evidence has shown
that an elevated serum ferritin (SF) before HCT is associated
with inferior overall survival (OS), an effect that, in most
studies, appears mediated by an increase in nonrelapse
mortality (NRM) [1-15]. Although those studies vary in their
study population and choice of SF cutoff, they almost uni-
versally agree that a high SF is associated with an adverse
prognosis. A more direct estimate of total body iron burden
may be obtained bymeasuring liver iron content (LIC), which
may be assessed noninvasively by magnetic resonance im-
aging (MRI) [16,17]. In HCT studies evaluating both LIC esti-
mated byMRI and SF, the correlation coefﬁcient between the
two is around .6 to .8 [12,13,18-21], implying that ferritin is
an acceptable but imperfect surrogate of true iron burden.edgments on page 1250.
requests: Philippe Armand, MD, PhD,
Brookline Ave., Boston, MA 02215.
ners.org (P. Armand).
2014 American Society for Blood and
14.05.004Alternatively, because ferritin is an acute phase reactant,
its elevation in serum may betray inﬂammatory states,
including active infection or more advanced disease status,
which are expected to confer an adverse prognosis in HCT
independent of iron overload. There are at present 4 pub-
lished studies that have directly assessed the impact of
pre-HCT LIC on outcome, but they differ in their conclusion
despite their generally similar design [4,14,15,22]. We,
therefore, undertook an individual patient data meta-
analysis of all 4 studies, with the aim of clarifying whether
pre-HCT LIC is, like SF, associated with worse OS or NRM.
METHODS
We obtained patient-level data from the 4 published prospective studies
[3,12,13,22]. Survivors with < 6 months of post-HCT follow-up were
excluded. We conducted a meta-analysis for OS and NRM. NRM was calcu-
lated in the competing risks framework, treating relapse as a competing risk.
Within each study as awhole or for a subgroup of interest, we calculated the
hazard ratio (HR) and associated P value for mortality using a univariable
proportional hazardsmodel and for NRM using a competing risks regression
model [23]. The HRs were pooled with inverse variance weighting, using a
random effects model [24]. Heterogeneity was assessed using the Cochran’s
Q statistic and the I2 calculation [24,25].
RESULTS AND DISCUSSION
The details of the 4 cohorts and the 276 patients included
in this analysis have been previously published [4,14,15,22].
The median age was 52 (range, 18 to 74) years. One half had
acute myeloid leukemia and 16% had myelodysplastic syn-
drome. Almost two-thirds received reduced-intensity con-
ditioning (RIC). The median pre-HCT SF was 1523 (range, 20
Table 1
Summary Results
Population Outcome Variable HR (95 CI, P Value)
Overall cohort Overall survival LIC > 5 mg/gdw 1.0 (.6-1.5), P ¼ 1.00
LIC > 7 mg/gdw 1.4 (.9-2.3), P ¼ .20
SF > 1000 ng/mL 1.7 (1.0-2.7), P ¼ .036
SF > 2500 ng/mL 1.3 (.8-2.0), P ¼ .30
Nonrelapse mortality LIC > 5 mg/gdw 1.0 (.6-1.7), P ¼ .90
LIC > 7 mg/gdw 1.7 (.9-3.3), P ¼ .09
SF > 1000 ng/mL 1.6 (.9-2.8), P ¼ .14
SF > 2500 ng/mL 1.4 (.8-2.3), P ¼ .30
MAC cohort Overall survival LIC > 7 mg/gdw 1.3 (.4-4.4), P ¼ .60
SF > 1000 ng/mL 1.5 (.6-3.5), P ¼ .40
Nonrelapse mortality LIC > 7 mg/gdw Not evaluable*
SF > 1000 ng/mL
RIC cohorty Overall survival LIC > 7 mg/gdw 1.5 (.8-2.7), P ¼ .20
SF > 1000 ng/mL 1.5 (.8-2.8), P ¼ .20
Nonrelapse mortality LIC > 7 mg/gdw 2.2 (1.1-4.6), P ¼ .026y
SF > 1000 ng/mL 1.5 (.7-3.3), P ¼ .30
Acute leukemia þ MDS Overall survival LIC > 7 mg/gdw 1.2 (.7-2.3), P ¼ .60
SF > 1000 ng/mL 1.5 (.7-3.1), P ¼ .30
Nonrelapse mortality LIC > 7 mg/gdw 1.5 (.7-3.0), P ¼ .30
SF > 1000 ng/mL 1.1 (.6-2.2), P ¼ .70
HR denotes hazard ratio; 95 CI, 95% conﬁdence interval; LIC, liver iron content; gdw, gram dry weight; SF, serum ferritin; MAC, myeloablative conditioning; RIC,
reduced-intensity conditioning; MDS, myelodysplastic syndromes.
For each variable, outcome and subgroup of interest, the hazard ratio is given along with its associated 95% conﬁdence interval and P value.
* Not evaluable because of the small number of events in this subgroup.
y See text for comment.
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mL, and 23% above 2500 ng/mL. Themedian pre-HCT LIC was
5.0 (range, .3 to 25.4) mg/g dry weight (gdw), with 82% of
patients having an elevated LIC (>1.8 mg/gdw), 50% had an
LIC> 5mg/gdw, and 28% had an LIC> 7mg/gdw. Themedian
follow-up for survivors was 22 (range, 6 to 44) months.
The results are summarized in Table 1. We used 2 possible
prespeciﬁed thresholds for SF (1000 and 2500 ng/mL) and for
LIC (5 and 7mg/gdw), corresponding to thosemost often used
in the HCT literature and in the primary studies. For OS, the
pooled HR associated with LIC> 5 mg/gdwwas 1.0 (P ¼ 1.00)
(Figure 1A); for LIC > 7 mg/gdw, the HR was 1.4 (P ¼ .20)
(Figure1B). For ferritin>1000ng/mL, theHRwas1.7 (P¼ .036)
(Figure 1C); however, there was no signiﬁcant association
between ferritin> 2500 ng/mL andmortality (HR,1.3; P¼ .30)
(Figure 1D). There was no signiﬁcant heterogeneity for any of
the above outcomes (Q statistic, .1 to 2.7 with 3 degrees of
freedom; P values, .5 to 1.0; I2 ¼ 0 for all). There was no sig-
niﬁcant association between any of the variables studied and
NRM.We also found no signiﬁcant association between LIC or
SFandOSor TRM in analyses restricted to patients undergoing
myeloablative conditioning, or in the subgroup of patients
with myelodysplastic syndrome or acute leukemia. We also
conducted an exploratory analysis restricted to patients who
had undergone RIC HCT. The HR for NRM associated with LIC
> 7 mg/gdw was 2.2 (P ¼ .026), although the other HRs were
not signiﬁcant. One of the studies in this meta-analysis only
enrolledpatients undergoingmyeloablative conditioningHCT,
and this study was, therefore, not included in this subgroup
analysis. As the number of patients and of events in the anal-
ysis of NRM for RIC patients was small, those results should be
interpreted with caution. However, they raise the possibility
that iron overload may have a particular importance among
the generally older and frailer patients undergoing RIC HCT,
which deserves further study.
In summary, we did not ﬁnd a signiﬁcant association
between an elevated pre-HCT LIC and OS or NRM overall.Consistent with previous studies, we observed a signiﬁcant
association between SF and OS. However, this was only sig-
niﬁcant at a threshold of 1000 ng/mL and not at a threshold
of 2500 ng/mL. This could be explained if the adverse prog-
nosis of SF is related not to iron overload but to underlying
disease-related or comorbidity-related issues that elevate
acute phase reactants. In that case, the degree of elevation in
SF may not be relevant, only the presence of the underlying
issues reﬂected by any signiﬁcant elevation in SF. If this were
true, an SF threshold of 1000 ng/mL may better capture the
patient population at risk than a higher threshold. Regard-
less, our results suggest that the evidence to date on SF and
HCT outcome may not allow us to conclude that iron over-
load itself is strongly detrimental after HCT.
It is unlikely that our negative results stem from our
threshold choice. Based on prior reports of the correlation
between SF and LIC in this patient population [18], an SF of
2500 ng/mL corresponds to an LIC around 6 mg/gdw. There-
fore, the thresholds chosen for thismeta-analysis should have
captured the prognostic effect previously seen with SF. It is
also unlikely that our results are confounded bymeasurement
technique. Although the MRI techniques used to estimate LIC
differed among the 4 studies, they all used techniques that
have been previously validated against liver biopsy.
It is possible that given the trends for increased overall
and NRM for elevated LIC, our negative results reﬂect a
sample size issue, and that a larger study would have un-
covered a signiﬁcant effect. Our study also lacked power to
deﬁnitively study the impact of iron overload among patient
subgroups. Regardless, the results presented here should not
be interpreted to imply that iron is irrelevant in HCT. The
trends suggest a possible prognostic effect, although it does
not appear as strong as suspected based on the ferritin-
related literature, and it may be restricted to certain sub-
groups. Moreover, iron may be related to disease pathology
inways that are just beginning to be understood.We suggest,
instead, that the present study should serve as the impetus
Figure 1. Forest plot of the hazard ratios for mortality associated with LIC > 5 mg/gdw (A), LIC > 7 mg/gdw (B), ferritin >1000 ng/mL (C), and ferritin > 2500 ng/mL
(D). Center names are abbreviated as follows: DFCI indicates Dana-Farber Cancer Institute; Dresden, University of Dresden; Turku, Turku University Hospital; UMN,
University of Minnesota.
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primarily on SF measurement, and that explore, through
careful and creative design, alternative mechanisms through
which iron may inﬂuence HCT outcomes. Furthermore,
several groups have already reported on the use of [26-30] or
recommendation for [31] chelation therapy in the pre or
post-HCT setting. Our results may weaken the premise for
chelation studies in general transplantation populations, and
they may emphasize the need to design future chelation
studies with a broad array of correlative endpoints that could
uncover possible effects of chelation beyond simply the
reduction in iron stores.ACKNOWLEDGMENTS
Financial disclosure: P.A. was supported by an ASCO Career
Development Award. This work was also supported by
National Institute of Allergy and Infectious Diseases U19 AI
29530, NCI P01 CA142106, and the Jock and Bunny Adams
Research and Education Endowment.
Conﬂict of interest statement: There are no conﬂicts of
interest to report.
Author contributions: P.A. designed the research, collected
and analyzed the data, and wrote the paper. H.T.K. designed
the research, analyzed the data, and edited the paper. J.M.V.,
M.A.I.-R., N.S.M., L.J.B., B.T., J.H.A., and M.W. designed the
P. Armand et al. / Biol Blood Marrow Transplant 20 (2014) 1238e1257 1251research, collected the data, and edited the paper. R.K.P. and
U.P. collected the data and edited the paper. T.D. designed the
research and edited the paper.REFERENCES
1. Alessandrino EP, Della Porta MG, Bacigalupo A, et al. Prognostic impact
of pre-transplantation transfusion history and secondary iron overload
in patients with myelodysplastic syndrome undergoing allogeneic
stem cell transplantation: a GITMO study. Haematologica. 2010;95:
476-484.
2. Armand P, Kim HT, Cutler CS, et al. Prognostic impact of elevated
pretransplantation serum ferritin in patients undergoing myeloablative
stem cell transplantation. Blood. 2007;109:4586-4588.
3. Armand P, Sainvil MM, Kim HT, et al. Does iron overload really matter
in stem cell transplantation? Am J Hematol. 2012;87:569-572.
4. Bazuave GN, Buser A, Gerull S, et al. Prognostic impact of iron pa-
rameters in patients undergoing allo-SCT. Bone Marrow Transplant.
2012;47:60-64.
5. Kataoka K, Nannya Y, Hangaishi A, et al. Inﬂuence of pretransplantation
serum ferritin on nonrelapse mortality after myeloablative and non-
myeloablative allogeneic hematopoietic stem cell transplantation. Biol
Blood Marrow Transplant. 2009;15:195-204.
6. Kim YR, Kim JS, Cheong JW, et al. Transfusion-associated iron overload
as an adverse risk factor for transplantation outcome in patients un-
dergoing reduced-intensity stem cell transplantation for myeloid
malignancies. Acta Haematol. 2008;120:182-189.
7. Lim ZY, Fiaccadori V, Gandhi S, et al. Impact of pre-transplant serum
ferritin on outcomes of patients with myelodysplastic syndromes or
secondary acute myeloid leukaemia receiving reduced intensity con-
ditioning allogeneic haematopoietic stem cell transplantation. Leuk Res.
2009;34:723-727.
8. Mahindra A, Bolwell B, Sobecks R, et al. Elevated pretransplant
ferritin is associated with a lower incidence of chronic graft-versus-
host disease and inferior survival after myeloablative allogeneic
haematopoietic stem cell transplantation. Br J Haematol. 2009;146:
310-316.
9. Platzbecker U, Bornhauser M, Germing U, et al. Red blood cell trans-
fusion dependence and outcome after allogeneic peripheral blood stem
cell transplantation in patients with de novo myelodysplastic syn-
drome (MDS). Biol Blood Marrow Transplant. 2008;14:1217-1225.
10. Pullarkat V, Blanchard S, Tegtmeier B, et al. Iron overload adversely
affects outcome of allogeneic hematopoietic cell transplantation. Bone
Marrow Transplant. 2008;42:799-805.
11. Sucak GT, Yegin ZA, Ozkurt ZN, et al. Iron overload: predictor of
adverse outcome in hematopoietic stem cell transplantation. Trans-
plant Proc. 2010;42:1841-1848.
12. Trottier BJ, Burns LJ, Defor TE, et al. Association of iron overload with
allogeneic hematopoietic cell transplantation outcomes: a prospective
cohort study using R2-MRI-measured liver iron content. Blood. 2013;
122:1678-1684.
13. Wermke M, Schmidt A, Middeke JM, et al. MRI-based liver iron
content predicts for nonrelapse mortality in MDS and AML patients
undergoing allogeneic stem cell transplantation. Clin Cancer Res. 2012;
18:6460-6468.14. Meyer SC, O’Meara A, Buser AS, et al. Prognostic impact of post-
transplantation iron overload after allogeneic stem cell transplantation.
Biol Blood Marrow Transplant. 2013;19:440-444.
15. Grossekatthofer M, Guclu ED, Lawitschka A, et al. Ferritin concentra-
tions correlate to outcome of hematopoietic stem cell transplantation
but do not serve as biomarker of graft-versus-host disease. Ann Hem-
atol. 2013;92:1121-1128.
16. Gandon Y, Olivie D, Guyader D, et al. Non-invasive assessment of
hepatic iron stores by MRI. Lancet. 2004;363:357-362.
17. St Pierre TG, Clark PR, Chua-anusorn W, et al. Noninvasive measure-
ment and imaging of liver iron concentrations using proton magnetic
resonance. Blood. 2005;105:855-861.
18. Armand P, Kim HT, Rhodes J, et al. Iron overload in patients with acute
leukemia or MDS undergoing myeloablative stem cell transplantation.
Biol Blood Marrow Transplant. 2011;17:852-860.
19. Brittenham GM, Grifﬁth PM, Nienhuis AW, et al. Efﬁcacy of deferox-
amine in preventing complications of iron overload in patients with
thalassemia major. N Engl J Med. 1994;331:567-573.
20. Vag T, Kentouche K, Krumbein I, et al. Noninvasive measurement of
liver iron concentration at MRI in children with acute leukemia: initial
results. Pediatr Radiol. 2011;41:980-984.
21. Olivieri NF, Brittenham GM, Matsui D, et al. Iron-chelation therapy
with oral deferipronein patients with thalassemia major. N Engl J Med.
1995;332:918-922.
22. Virtanen JM, Itala-Remes MA, Remes KJ, et al. Prognostic impact of
pretransplant iron overload measured with magnetic resonance im-
aging on severe infections in allogeneic stem cell transplantation. Eur J
Haematol. 2013;91:85-93.
23. Fine J, Gray R. A proportional hazards model for the subdistribution of a
competing risk. J Am Statistical Assoc. 1999;94:496-509.
24. DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin
Trials. 1986;7:177-188.
25. Higgins JP, Thompson SG. Quantifying heterogeneity in a meta-anal-
ysis. Stat Med. 2002;21:1539-1558.
26. Armand P, Sainvil MM, Kim HT, et al. Pre-transplantation iron chelation
in patients with MDS or acute leukemia and iron overload undergoing
myeloablative allo-SCT. Bone Marrow Transplant. 2013;48:146-147.
27. Kaloyannidis P, Yannaki E, Sakellari I, et al. The impact of desferriox-
amine postallogeneic hematopoietic cell transplantation in relapse
incidence and disease-free survival: a retrospective analysis. Trans-
plantation. 2010;89:472-479.
28. Majhail NS, Lazarus HM, Burns LJ. A prospective study of iron overload
management in allogeneic hematopoietic cell transplantation survi-
vors. Biol Blood Marrow Transplant. 2010;16:832-837.
29. Sivgin S, Baldane S, Akyol G, et al. The oral iron chelator deferasirox
might improve survival in allogeneic hematopoietic cell transplant
(alloHSCT) recipients with transfusional iron overload. Transfus Apher
Sci. 2013;49:295-301.
30. Sivgin S, Eser B, Bahcebasi S, et al. Efﬁcacy and safety of oral deferasirox
treatment in the posttransplant period for patients who have under-
gone allogeneic hematopoietic stem cell transplantation (alloHSCT).
Ann Hematol. 2012;91:743-749.
31. Alessandrino EP, Angelucci E, Cazzola M, et al. Iron overload and iron
chelation therapy in patients with myelodysplastic syndrome treated
by allogeneic stem-cell transplantation: report from the working
conference on iron chelation of the Gruppo Italiano Trapianto di
Midollo Osseo. Am J Hematol. 2011;86:897-902.
